Abstract-Lightwave networks realized through code division multiple access techniques are extensively studied to determine their ultimate capabilities. Here, these concepts are extended to network implementation by introducing an optical code division multiplexing (OCDM) multihop strategy using optical coding. It is shown that this approach is effective in scaling up existing wavelength division multiplexing (WDM) networks without a significant drain of the wavelength resource.
I. INTRODUCTION
T HERE is worldwide consensus on the use of wavelength division multiplexing (WDM) technologies for more efficient utilization of bandwidth of the existing optical fiber links, upgrading their capacity in a cost-effective manner [1] , [2] . In wavelength division multiple access (WDMA) networks, the wavelength routing offers flexible connectivity between nodes, e.g., the multihop WDM network architecture, in which each node is equipped with a few optical transmitters and receivers [3] . Each laser operates at a wavelength unique to the transmitter, and each receiver is tuned to the fixed wavelength of the transmitter. Wavelength assignments between transmitters and receivers are made so that a signal originating at any access node can be routed to any other node, including intermediate nodes, after a number of hops. Wavelength conversion is a key function in establishing the wavelength path (WP).
Moreover, WDM technologies are being extensively utilized in the network's transport layer [4] , [5] . WP's are configured within the physical optical transmission medium; optical crossManuscript received July 4, 1997; revised February 23, 1998. The author is with Communications Research Laboratory, Ministry of Posts and Telecommunications, Tokyo 184, Japan (e-mail: kitayama@crl.go.jp).
Publisher Item Identifier S 0733-8716(98) 05748-5. connects based upon the space and wavelength switchings play a key role in the formation of the WP's in the optical domain. Consequently, WDM transport networks provide transparency, reconfigurability, scalability, survivability, and enhance the transmission capacity of the existing electrical transport network. The channel spacing of WDM, however, is subject to the wavelength stability of the light sources, and it does not seem practical to set the channel spacing as densely as the data signal bandwidth allows. Wavelength resource management is becoming one of emerging issues to be addressed since the number of available wavelengths places a limit to the number of nodes within the network. This is the case in the local area network environment, in which the bit rate is relatively low and each node is connected with a single fiber. Optical code division multiple access (OCDMA), encoding and decoding with a temporal waveform (the so-called optical signature code), allows the selection of a desired signal. Different information bits can share non-error producing overlaps of time, frequency, and space [6] , [7] . The selection of the desired signal from among all of the other signals on the channel is based on matched-filtering, followed by thresholding. The output of the optical decoder is the correlation between the input signal and the matched filter. In general, in order to maintain a good signal-to-interference noise ratio (SIR), the signature codes must be mutually orthogonal and the optical code length, the number of chip pulses (referred to as the processing gain), must be sufficiently long.
OCDMA has generally been classified in two categories; coherent, adopting phase-shifted optical sequences [8] - [10] , and incoherent, using intensity-modulated code sequences [11] . A comparison between the two approaches is summarized in Table I . In the former case, a phase-shifted bipolar optical chip pulse sequence represents a binary code, the latter uses unipolar codes-the so-called pseudo-orthogonal code-in which an on-off keying modulation format is adopted. The most significant advantage of the coherent over the incoherent OCDMA is the higher SIR, directly attributed to the superior orthogonality between the codes, which in turn yields higher processing gains. The main drawback to coherent OCDMA lies in the technical implementation difficulties, concomitant with the utilization of phase-shifted optical signals.
Although there has been growing activity in OCDMA, little consideration has been paid to the application of optical code division multiplexing (OCDM) to the transmission technique, as well as to the transport network. The hybrid approach, OCDM/WDM, has been studied to determine its tolerance to the wavelength deviation of the light sources in which OCDM 0733-8716/98$10.00 © 1998 IEEE is based upon spectral spreading/despreading [12] . Another merit of OCDM/WDM should lie in the efficient utilization of the available spectral region, limited practically by the gain bandwidth of erbium-doped fiber amplifiers (EDFA's). The approach should also potentially allow implementation of a number of versatile networking functions, enhancing existing system realizations. These attractive points motivate the revisiting of the hybrid OCDM/WDM concept.
The channel allocations of OCDM/WDM along with WDM are schematically shown in Fig. 1 . Let us roughly estimate the number of channels. The processing gain of OCDM becomes 30 for 10 Gbit/s when the chip pulsewidth is assumed to be 3 ps. The theory shows four codes are available for BER in the case of the bipolar gold code [13] . By taking into account that the Fourier-transform limit chip pulse of 3 ps occupies the bandwidth of 100 GHz, there are 38 wavelength channels within the EDFA gain bandwidth of 30 nm. The overall number of channels of OCDM/WDM becomes 150. To maintain the same number of WDM channels, the frequency spacing must be as small as 25 GHz. In comparison, in a more moderate WDM with channel spacing of 50 GHz, the spectrum efficiency of OCDM/WDM could be twice as much as with WDM.
In this paper, OCDM concepts, particularly the coherent OCDM, are studied to determine their capabilities within future lightwave network evolution scenarios. First, the role of OCDM in LAN upgrades is investigated. It is shown that OCDM may be effectively employed to scale the existing WDM multihop networks, without a significant drain of wavelength resource. Within this scenario, a virtual optical code path (VOCP) is introduced, defined as the logical path determined by the optical code and allocated link by link. For full network functionality optical code conversion is key, analogous to the role of wavelength conversion [14] for virtual wavelength paths (VWP's) in the WDM transport networks. It is shown that VOCP potentially solves WP allocation problems, which may limit the extent of the future WDM transport networks. The optical implementation of code conversion is presented, and it is shown that the optical crossconnect, located at a node, now also serves to establish the VOCP in the hybrid OCDM/WDM transport layer.
Finally, for the first time, experimental results are presented on the implementation of coherent OCDM in which bipolar phase-shift keyed (PSK) optical pulse sequences are used as the codes. Error-free 1.24-Gbit/s code conversion, using bipolar four-chip optical encoders/decoders, is successfully demonstrated. Although optoelectronic conversion (O/E-E/O), integral to the present optical code conversion procedure, compromises full transparency, the results clearly show the feasibility of high bit rate optical code conversion.
II. MULTIHOP OCDM NETWORKS
In order to illustrate optical routing through coding, consider, for example, a simple four-node WDMA network configured in a linear bus topology [ Fig. 2(a) ], allowing any-toany logical connectivity, i.e., a set of links connecting every node. One realization is through a WDM multihop approach, in which each transmitter operates at a wavelength unique to the transmitter and each receiver accepts a wavelength unique to that receiver. Assuming that each node is equipped with two optical transmitters and two receivers, the channel can be established in the following manner. Node 1 can communicate directly with node 3 on wavelength . Node 1 can also communicate in a multihop mode with node 2, given that node 3 has a receiver tuned to wavelength , node 1 first routes the data by using wavelength to node 3, node 3 transfers the data to node 2 by using wavelength . Thus, all the connections can be established by a single hop through an intermediate node.
Scaling the network to an eight-node architecture, the number of required wavelengths increases to 16 [ Fig. 2(b) ]. Due to the limited number within the wavelength pool, however, the additional eight wavelengths are not always available, a possible limitation in WDM based LAN's. Introducing the additional design option of optical coding means that all links between the eight nodes can now more readily be established, for example, by using only two optical codes OC and OC ( Fig. 3 ), resulting in a hybrid approach (OCDM/WDM) to multihop networks. Each transmitter operates at a wavelength and optical code unique to the transmitter; each receiver is tuned to a wavelength and an optical code unique to that receiver. Again, assuming that each node is equipped with the two transmitters and two receivers (Fig. 2) , where OC represents the optical code on the wavelength , for example, node 1 now uses two different optical codes on a same wavelength , represented by OC and OC , while the receiver of node 1 is tuned to the same optical code on two different wavelengths and (represented by OC and OC ). This allocation of two optical codes along with eight wavelengths allows all connections to be made, either directly or after the same number of hops, as was the case in the original eight-node WDM multihop architecture [ Fig. 2(b) ]. This indicates that OCDM can be effective in scaling existing WDM networks, without increasing the number of required wavelengths. Similar improvements should be possible with other physical topologies.
The extension to the general multihop networks is straightforward. The number of nodes of WDM multihop linear bus, equipped with transmitters and receivers, is given by [3] The number of wavelengths is given by
In Fig. 2 (a) and (b), and , respectively. On the other hand, there are some options for the number of wavelengths in the OCDM/WDM multihop linear bus. The number of wavelengths, and the number of optical codes, must satisfy . In Fig. 3 and . The other options are:
and . 
III. THE VOCP
Further extensions of these concepts can be envisioned for the transport layer. In WDM transport layers there are two approaches to wavelength resource allocation: one based upon wavelength routing and the other on wavelength conversion. In wavelength routing, a wavelength is assigned along the entire optical path, i.e., the optical path is identified by the WP. An optical path provisioning based upon wavelength conversion is referred to as a VWP [4] . In the latter case, the wavelength for a VWP is allocated link by link, and the path is decomposed into several WP's governed by the wavelength conversion. From the viewpoint of wavelength resources, the VWP approach to wavelength allocation is more efficient than the WP approach. Given optical code conversion, optical path layer provisioning could utilize the VOCP as another design option. Similarly to the VWP, the optical code for each VOCP is allocated link by link, the optical path being decomposed into several optical code paths governed by the optical code conversion.
As an illustration, in Fig. 4(a) , VWP's 1-3 are established by using two wavelengths and . The node comprises an optical cross-connect with wavelength conversion. Adding an additional node (node F) requires new optical paths to be established. One way that this can be accomplished is by using extra wavelengths and [ Fig. 4(b) ]. Four wavelengths are required to establish all six optical paths (VWP's 1-6).
Given that VOCP's are available, all of the six optical paths can readily be established using the existing wavelengths, without the addition of extra wavelength and with only two optical codes, OC and OC . Effectively, a combination of wavelength and optical code is assigned to each link. In Fig. 4(c) and (d) , four combinations of two wavelengths ( and ) with two optical codes (OC and OC ) on each link are assigned to the four VWP's [ Fig. 4(b) ]. In the first case [ Fig. 4(c) ], VOCP's 1-6 are established by replacing wavelengths -with pairs of -OC , -OC , -OC , and -OC , respectively. VOCP's 1 and 5 are established via both wavelength conversion and optical code conversion at node C, while VOCP 6 is established via the wavelength conversion at node D. In the second case [ Fig. 4(d)] , by replacing the wavelengths -with -OC , -OC , -OC , and -OC , respectively, six VOCP's are established.
In this case, wavelength conversions are required at node C and optical code conversion is necessary at node D.
The network described above might be either a subnet of a global network, with the terminal nodes having connectivity to the other subnets, or a local area network. In order to realize VOCP's in the global environment it is required that each node be provided with an optical cross-connect switch, having both wavelength conversion and/or optical code conversion functionalities.
By introducing the optical code conversion (OCC), the optical code reuse is enhanced. As shown in Fig. 4(a) , without the use of OCC, three optical codes are required to establish three optical code paths while, on the other hand, only two optical codes are necessary when using OCC. This is parallel to the wavelength conversion in WDM networks.
IV. OPTICAL IMPLEMENTATIONS

A. OCC
OCC at the node is crucial to the successful use of the VOCP concept. One particular configuration for the OCC is shown in Fig. 5 , consisting of a code selector and generator. To perform conversion from code OC to OC , the selector is controlled to select only OC from the input signal; the selection is based on matched filtering between the incoming and the locally assigned code. The output is detected by the photodetector, and the electrical signal drives the code generator to output OC . The code generator regenerates the desired optical code only when the code selector is triggered by the autocorrelation output of the matched filter.
Note that all-optical conversion without electrical-to-optical (EO) conversion is desirable in order to maintain network transparency. In order to regenerate the optical code without EO conversion, optical thresholding in the optical code selector is required. Although all-optical thresholding devices are not yet routinely available, a semiconductor saturable absorber [15] would be a strong candidate. In [15] , the intensitydependent noise reduction for 10-Gbit/s optical pulses has been demonstrated.
B. OCC Based Cross-Connect Switch
A possible architecture for an OCC-based cross-connect switch, exhibiting the VOCP's functionality, is depicted in 6 , configured so that OCC is performed after wavelength conversion. This functionality is applicable to the transport network nodes in which OCDM is overlaid on WDM [e.g., Fig. 4(c) and (d) ]. Assume that there are input and output ports and wavelengths and optical codes. As described in Section VI-A, OCDM decoding is insensitive to the wavelength variation of the light source, therefore, in OCDM/WDM demultiplexing the wavelength channel selection has to be made first, followed by the OCDM decoding. Note that this arrangement is opposite to that of the previous OCDM/WDM scheme, in which the despreading is followed by wavelength filtering [12] . As shown in the inset of Fig. 6 , there are three possible paths through the wavelength converter and OCC cascade. After wavelength conversion and/or optical conversion, the input signal is presented to the optical matrix switch for routing to the appropriate output port. The wavelength converters, OCC's, and matrix switches are controlled by electrical signals. Add/drop multiplexing can also be carried out at the selected input (for adding the signal from the node) and output ports (for dropping the signal to the node). 
V. EXPERIMENTS
A. Experimental Setup
The experimental setup used to characterize the performance of the optical code converter is shown in Fig. 7 . The two code generators consist of a 1.24-Gbit/s optical transmitter (PRBS 2 1, NRZ-IM) and an all-optical bipolar encoder; an optical decoder and the 3R optical receiver comprise the code selector. All are assembled in racks (see photograph in Fig. 7) . DFB cw laser diodes at 1556 nm are used as the light sources, modulated with a 1.24-GHz clock signal, by using an external electro-optic modulator producing FWHM pulsewidths of 60 ps. The pulse sequence is amplified by an EDFA and modulated with a PRBS 2 1 NRZ signal by using another external electro-optic modulator. The code selector consists of an all-optical bipolar decoder, an EDFA, and a 3R optical receiver. To measure the bit error rate (BER), the output from the optical decoder is detected with a photodetector having a bandwidth of 20 GHz and inputted to a bit error rate test (BERT) set. To limit the thermal and shot noises at the receiver, a low pass filter (LPF) with a cutoff frequency of 7 GHz is used. Two all-optical eight-chip bipolar encoders and a decoder (Fig. 8) are used. Note that the optical encoder can be used as the optical decoder by reversing the input and output ports. It is a monolithically integrated tapped delay line waveguide device, fabricated on a silicone substrate by using planar lightwave circuit (PLC) technology [16] , [17] . The variable tap is a Mach-Zehnder interferometer. The delay time of each arm is designed to be 50 ps. The thermo-optic phase shifter uses a chromium thin film heater. Using a desktop computer, the code is selected by appropriate control of the taps and phase shifters. All possible combinations of equiamplitude eight-chip bipolar PSK codes can be generated by assigning a binary phase shift of either zero or to the delayed chip pulse on each arm. It should be noted that the conventional -stage ladder encoder produces only a limited number of codes [8] . In the experiment, a four-chip code with a time interval of 100 ps is generated by using every second arm of the encoder so that the time interval between the chip pulses becomes ps . Note that the time interval of 100 ps is much longer than the coherence time of the light source, preventing the interference of neighboring chip pulses during the matched filtering process. The chip length of the correlation function becomes 1 7, and the time duration is 700 ps. For the bit rate of 1.24 Gbit/s, the one-bit duration time is about 800 ps, therefore there is no time overlap between the correlation waveforms of the successive bits.
B. Optical Code Conversion
The temporal waveforms of the generated equiamplitude four-chip bipolar PSK code (1, 1, 1, 1) , the matched filtered response, and the cross correlation with the code (1, 1, 1, 1) are shown in Fig. 9 
C. BER Assessment
The output waveform of the second encoder for the case of code conversion from ( 1, 1, 1, 1) to (1, 1, 1, 1) is shown in Fig. 10(a) . For comparison, the waveform for the unmatched condition is shown in Fig. 10(b) . Here, the decoder setup is (1, 1, 1, 1) , while the second encoder is set up as (1, 1, 1, 1) . Correct operation of the code converter is obtained only when the proper code is selected, i.e., when the incoming code and the decoder setup coincide.
Code conversion is assessed by the BER measurement of the selector output signal. Error-free operation occurs only when the incoming code and the decoder setup coincide; otherwise the BER must be as high as 0.5. Eye diagrams of 1, 1, 1)*(1, 1, 1, 1) . the recovered 1.24-Gbit/s signals (top) along with the extracted clock signals (bottom) at the output of the code selector are shown in Fig. 11 . The eye opening is clear for matching codes [ (1, 1, 1, 1) decoded with the (1, 1, 1, 1) in Fig. 11(a) ], while the unmatched case [decoded with ( 1, 1, 1, 1) , shown in the Fig. 11(b) ] eye pattern is obscured. All 64 possible code conversions were experimentally examined. Error-free operation was confirmed for the eight different codes, with BER's of less than 1 10 for the matched case and 0.5 for the unmatched case. The threshold level was set between the correlation peak of 16( 4 and the maximum value 9( of the crosscorrelation. Table II summarizes the measured BER's. The measured BER of the code (1, 1, 1, 1) , plotted as a function of the received optical power, is shown in Fig. 12 . It should be noted that optical fiber transmission is not taken into account in this experiment. The dispersion and the loss of the fibers may impose a limit on the performance of the OCC. This will need future study.
VI. DISCUSSIONS
A. Effect of Wavelength Deviation of the Light Source
A tight tolerance requires rigid wavelength control of the light source. The effect of the wavelength deviation of the light source on the matched filter response is experimentally investigated. In Fig. 13(a) and (b) , the autocorrelation waveforms of code (1, 1, 1, 1 ) and its crosscorrelation function with code (1, 1, 1, 1 ) are plotted as a function of the wavelength, respectively. The auto-and crosscorrelation functions are insensitive to the wavelength change of the light source. Their profiles are maintained almost unvaryingly over a wide spectral range of 1.5 nm. The profiles reflect only the response of the optical bandpass filter in front of the decoder. This guarantees that the decoding of OCDM can be performed even in the existence of the wavelength variation, since the other frequency channels can be rejected by using the optical bandpass filter. 
B. Interference Noise
Interference noise due to coexistence of the other codes from distinct laser sources is investigated. BER is measured for the main code by combining interfering codes in front of the decoder input. The polarization states of the codes are aligned to insure worst case conditions. In Fig. 14 , the BER's are plotted both as functions of the optical power ratio of the interfering code to the main code and the relative delay time between codes. The wavelengths of the two codes are set equal. The case for the main code of (1, 1, 1, 1 ) and the interfering code ( 1, 1, 1, 1 ) is examined. The BER improves with the decreasing intensity levels of the interfering code and varies with the relative delay time. Errorfree operation is maintained below the power ratio of 7 dB. The dependence on the delay time is a consequence of the asymmetric waveform characteristic of the interfering code, exhibited by the cross-correlation waveform for zero-delay time (see inset of Fig. 14) .
VII. CONCLUSION
The introduction of OCDM concepts in lightwave network evolution has been investigated. It has been shown that the OCDM multihop network is an effective way of scaling existing WDM networks, without cost to the wavelength resource. VOCP potentially solves the WP allocation problems in the future large WDM transport networks.
The implementation of optical code conversion has been presented, and the added functionality has been incorporated in an optical cross-connect switch design. Error-free optical code conversion at 1.24 Gbit/s using a four-chip all-optical encoder/decoder has been demonstrated for the first time. Although the O/E-E/O within the present optical code conversion technique limits transparency, a breakthrough in the all-optical thresholding device will allow all-optical code conversion in near future.
The issues which will be crucial in determining the fundamental limitations of OCDM will include: 1) the available number of optical codes; 2) the effects of fiber dispersion and loss on OCDM transmission; and 3) the interferometric noise caused by the interference codes of the different wavelengths. 
